is study investigated the influencing rules of curing temperature (5, 10, 16, and 20°C), cement ratio (8%, 10%, 12%, and 14%), and mass concentration (70%, 73%, 74%, and 75%) on the strength of backfill. In addition, a scanning electron microscope (SEM) is employed to analyze the microtopography of the backfill. Experimental results indicate that the uniaxial compressive strength (UCS) of the backfill decreases as the curing temperature diminishes; temperature substantially influences the earlier strength of backfill (it is much significant below 10°C). In addition, as the cement ratio rises, the critical point for the impact of temperature on strength gradually moves toward a low-temperature zone; in pace with the slurry mass concentration increase, the compressive strength of the backfill also rises and its rate of increase enlarges after going beyond the critical concentration. In case the curing temperature is lower than 10°C, the extent of hydration is also low inside the backfill. rough experiments, the critical concentration of slurry in the Jinying gold mine is determined as 73%, and the critical interval of the cement ratio ranged between 10% and 12%. Corresponding measures can be taken to increase the strength of backfill in the Jinying Gold Mine by 129.9%. As a result, backfill collapse is effectively controlled.
Introduction
e filling mining method plays an extremely important part in controlling ground pressure, maintaining stope stabilization, improving ore recovery ratio, and protecting ecological environment [1] [2] [3] . e total area of the alpine region in China is 2.891 million km 2 . eir altitudes are between 1,500 and 5,000 m, and the daily average temperature all year round is lower than 10°C. As for resource reserve, it has 50% of China's total reserves. Owing to large-scale mining, the mineral resources in the alpine region are increasingly, constantly exploited, and the filling mining method is also gradually applied on mining in such regions. However, a lowtemperature alpine environment is a massive challenge to the application of this technology. e low-temperate high-humid climate of underground stope substantially affects the properties of slurry solidification and dehydration, especially the mechanical properties of the backfill. e mechanical property of a backfill is a key and hot point for current research on the filling mining technology. However, these recent research studies mainly concentrate on the mechanical properties of backfill in normal temperature [4] [5] [6] [7] [8] .
rough experiments, omas [8] found that a temperature lower than 10°C can greatly influence backfill strength. Some predecessors also explored the hydration and strength development characteristics of backfill with different sulfate contents in curing temperatures of 2, 20, 35, or 50°C. e corresponding results indicated that as the curing temperature rose, backfill strength linearly increased especially after the curing temperature goes beyond 20°C, wherein the increase rate of backfill strength also rises. In contrast, the content of hydration products in the backfill, especially the tobermorite content, decreases as temperature drops, which fundamentally causes the backfill mechanical property to crack [9] [10] [11] [12] . Zhang [13] studied the impacts of the curing strategies on the mechanical properties of cement mortar, and the results showed that the curing temperature significantly influences the earlier strength of the mortar with a minor influence on its later strength. Liu et al. and Zhao et al. [14, 15] adopted a response surface method to optimize the fill blending ratio for alpine mines and pointed out that slurry performances are enhanced as the curing temperature rose. In addition, when the temperature is below 5°C, backfill strength is improved by increasing the slurry mass concentration and cement ratio.
e Jinying Gold Mine is located north of Baishan City, Jilin Province. e annual average temperature ranges from − 3 to 7°C in the mining area, and the winter temperature under the shaft is about 5°C on average. In this mine, the high sublevel subsequent filling mining method is adopted, and exploitation is carried out in line with a stopping sequence from the chamber to the pillar. e corresponding daily output of ores is about 2,000 t. After terminating phase 1 stope mining, tailing is used for filling. At the time of pillar mining during the second phase, the backfill stability in phase 1 stope critically influenced safety and mine loss dilution indicators during pillar exploitation. Nevertheless, the quality of backfill in the Jinying Gold Mine remains questionable and frequent collapses occur ( Figure 1 ). is is a massive potential safety hazard to mining operation. e low strength of backfill and other problems encountered during waste cementing backfill in the cold region of Jinying Gold Mine serves as the current research background. Furthermore, the influencing rules of temperature on developing the strength of waste cementing backfill are explored based on the mixture ratio experiment, and the influencing rules of cement ratio and slurry mass concentration on the backfill strength are analyzed. In addition, scanning electron microscope (SEM) is also employed to analyze waste cementing backfill morphologies. An optimal waste cementing backfill mixture ratio required by the high sublevel subsequent filling mining method is proposed. rough in situ tests, the requirements of the present mining method for the filling technology and backfill strength are satisfied.
Materials and Methods

Backfill Material Selection.
e filling materials selected for the experiment mainly consisted of tailings from the Jinying Gold Mine and waste rocks that developed underground. e curves formed by size fractions of tailings are shown in Figure 2 (a); contents of − 74 and − 20 μm reach 75.57% and 43.2%, respectively. In addition, it is 30.53 μm for D 50 . Clearly, tailings fall into a category of medium tailings. Coarse aggregate come from breccia wastes produced by tunneling (UCS � 76.33 MPa). In line with experimental requirements, they are broken into coarse aggregates of − 5 mm by a small jaw crusher. e curves formed by the corresponding size fractions are shown in Figure 2 (b), where D 50 is 0.5 3 mm. e 32.5 ordinary Portland cement is used as the cementing agent.
Experiment Scheme Design of Backfill Mixing Ratio.
In situ experiment is carried out for the influencing factors on backfill strength in low temperature. On the one hand, the impact of curing temperature on the strength of backfill is emphatically studied; on the other hand, the impacts of slurry mass concentration and cement ratio on this strength are also considered. e curing temperatures adopted for the experiment are 5, 10, 16, and 20°C. Among them, experiments are performed in a downhole curing room at 10°C or a laboratory at 16°C. In addition, for 5 and 20°C, the experiment is conducted in a curing box. A curing method with multiple combinations is employed here to consider the actual filling environment of the mine at the time of studying the impacts of temperature. e mass concentrations of slurry are 70%, 73%, 74%, and 75% (mass concentration is the percent taken from the solid mass in the total mass of slurry); cement ratios are 8%, 10%, 12%, and 14% correspondingly. During the experiment, the proportion between waste rocks and tailings is 3 : 1, and the relevant slurry curing period is 7 or 28 days. Up to such a period, uniaxial compressive strength (UCS) test and microtopography observation are both carried out.
Experiment Methods and Process.
e slurry is prepared according to the experiment design. e slurry is placed in a Φ80 mm × 200 mm die trial after uniform stirring (see Figure 3 ). As pouring filling samples have low strength at the initial phase of curing, curing should last 24 h for samples with pouring completed in a laboratory (curing temperature � 16°C) to prevent samples from being damaged when they are transported to the downhole. When the samples are sufficiently strong, they can be transported to the downhole curing room (temperature � 10°C and humidity � 85%). Under other temperature conditions, the samples are maintained in a curing box. Once the sample curing fulfills a preset period, these samples are cut into standard samples of Φ80 mm × 160 mm. Subsequently, a 100 kN universal press is utilized to test the UCSs of the filling body samples with a curing period of 7 or 28 days. e required pressure speed is between 0.05 and 0.1 kN/s, as shown in Figure 4 . In addition, SEM is also adopted to observe microtopography of filling objects with a typical mixture ratio.
Test Result Analysis
Temperature Influence on Backfill Strength.
e cement content added in slurry is 8%, 10%, 12%, and 14%. In case 2 Advances in Civil Engineering the curing temperature is 5, 10, 16, or 20°C, the UCS of backfill samples with a curing period of 7 or 28 days is separately tested; the corresponding results are given in Table 1 .
In any cement content, the UCS of backfill with a curing period of 7 or 28 days kept increasing together with the rise of the curing temperature [16] .
is finding is in basic consistency with concrete [17] [18] [19] [20] . Figure 5 shows that the UCS with a curing period of 7 days slowly grows when cement content is low (8-10%) and curing temperature is below 10°C. However, if the curing temperature is beyond 10°C, especially when higher than 16°C, the UCS with a curing period of 7 days rapidly goes up. For example, when the cement content is 10%, the strength of the backfill increases to 0.803 MPa at 20°C from the original 0.259 MPa at 10°C. In contrast, in the case that such cement content is lower than the high level (10-14%), the inflection point for the impact of temperature on backfill strength continuously moves toward the low-temperature zone. In other words, backfill strength substantially goes up after the curing temperature exceeds 10°C. According to Figure 6 , the impacts of temperature on the later backfill strength with a curing period of 28 days are less significant than its influences on that with a curing period of 7 days. Especially in the low-temperature section, its impacts on later compressive strength escalate. For example, when cement content is 10% and curing temperature rises from 5 to 10°C, the compressive strength of the backfill with a curing period of 28 days goes up from 0.851 to 1.617 MPa with a corresponding increase rate of 0.077 MPa/°C. Concerning curing under low temperatures, changes in temperature tremendously affect the rise of the later backfill strength. Furthermore, critical point for temperature influence gradually moves toward the low-temperature zone as cement content rises [21, 22] .
At the same temperature, the UCS of the backfill with a curing period of 7 or 28 days increases as cement content rises. When it goes up from 8% to 10%, 10% to 12%, or 12% to 14%, the UCS of the backfill at 10°C is 0.106, 0.142, or 0.314 MPa, respectively, with a curing period of 7 days; if the temperature is 16°C, it becomes 0.183, 0.258, and 0.287 MPa, correspondingly. As for the backfill with a curing period of 28 days, its UCS increment is 0.378, 0.252, or 0.427 MPa for 10°C and 0.704, 0.296, or 0.46 MPa for 16°C.
is phenomenon indicates that, within an identical cement content increase interval, the UCS increment of the backfill during high-temperature curing is larger than that during lowtemperature curing. When the curing temperature is below 10°C, the earlier compressive strength of the backfill with a Advances in Civil Engineering 3 curing period of 7 days is subjected to severe influences of cement content. e maximum backfill strength increment is obtained when the cement content is over 12%. For the later strength with a curing period of 28 days, the strength variations incurred by cement content suffer from far less temperature impacts than earlier compressive strength of that in a curing period of 7 days. With regard to low cement content (below 10%), the later strength of the backfill is greatly influenced by temperature. erefore, the strength development of backfill is a result generated by the combined effects of curing temperature and cement content.
With the increase in cement content, temperature influence on backfill strength gradually reduces. Considering this, backfill strength can be improved by bringing cement content up indirectly in low temperature.
Influence of Slurry Mass Concentration on Backfill
Strength. Apart from the backfill strength under the impact of cement content, the mass concentration of slurry is also another important influencing factor [23, 24] . e influence of slurry mass concentration on backfill strength is tested at 10°C. Relevant results are given in Table 2 .
Based on experimental results, the UCS of the backfill with a curing period of 7 or 28 days rises as the mass concentration of slurry increases. In addition, a critical mass concentration also exists; after exceeding it, the backfill strength sharply rises. In case of diverse cement contents, a significant difference lies in the strength development of backfill. Figures 7 and 8 indicate that the backfill strength in a curing temperature of 10°C is extremely low when the slurry mass concentration is 70%. Moreover, the UCS with a curing period of 7 or 28 days is only 0.278 or 0.619 MPa separately if cement content is 14%. Once the slurry mass concentration increases to 73%, the increment of UCS with a curing period of 7 or 28 days is minor. Especially when the cement content is lower than 10%, backfill strength increment is significantly lower than that generated when it is higher than 10%. e critical point for slurry mass concentration is 73%. If such a mass concentration goes beyond 73%, the backfill strength can abruptly rise. Critical interval for cement content ranges from 10% to 12%. When the interval is larger than any value within this range, strength significantly rises as mass concentration increases; in comparison, if smaller, strength increase rate drops. erefore, the waste cementing backfill in the Jinying Gold Mine should be provided with a minimum mass concentration of more than 73%. On the premise of guaranteeing its conveying property, the slurry mass concentration is improved to the greatest extent.
Microstructure Analysis.
e microstructure of the backfill dramatically impacts its macromechanical characters [25] [26] [27] . A good microstructure is the underlying reason behind the rather high earlier strength of the backfill. SEM is adopted here to analyze the microstructure of the backfill with diverse mixture ratios and under the combined effects of temperature, concentration, and cement. In this manner, their influencing mechanism on the macrostrength of the backfill can be probed. Figure 9 (a) is a SEM image with a slurry mass concentration of 74%, a curing period of 7 days, and a curing temperature of 5°C; Figure 9 (b) is another SEM image with a slurry mass concentration of 75%, a curing period of 7 days, and a curing temperature of 10°C; Figure 9 (c) is another SEM image with a slurry mass concentration of 75%, a curing period of 7 days, and a curing temperature of 16°C; and Figure 9 (d) is another SEM image with a slurry mass concentration of 75%, a curing period of 28 days, and a curing temperature of 16°C.
Backfill structures with diverse mixture ratios are generally significantly different from each other; its microstructure of low mass concentration and low curing temperature contains numerous pores with an aperture size evidently larger than that of the backfill with high mass concentration and curing temperature. e major reasons are impacts of particle intensity and cement hydration reaction degree. Figure 9 demonstrates that no hydration reactions occur to the vast majority of cement particles in low concentration and temperature (Figure 9(a) ), and tailing particles are locally coated with Aft generated at the early hydrating period of cement. As for tobermorite (C-S-H) that plays a major role in strength, its content is very low. In addition, tailing particles and hydration products cannot be effectively bonded together. As a consequence, no complete three-dimensional space structure is formed and large pores are observed. As slurry mass concentration and curing temperature increase (Figures 9(b) and 9(c) ), the hydration products in the backfill also gradually multiply, and the corresponding space truss structure is also perfected step by step. However, perfoliate cracks are still evident from the SEM image (Figure 9(b) ). In Figure 9(d) , the backfill has the densest microstructure because of the high curing temperature (16°C) and mass concentration (75%) as well as the rather long curing period (28 days). Compared with other several groups, this microstructure is featured with a high degree of cement hydration and dense space structure. As a result, the corresponding backfill has a high macroscopic UCS. e low temperature, which influences backfill strength development, primarily delays cement hydration. Consequently, the microstructure of the backfill is loose, with low compressive strength. 
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Temperature Influence on Mechanism Analysis
According to the above experimental results and previous research accomplishments, the impact of temperature on strength development of waste cementing backfill is mainly reflected in the cement hydration reaction rate, the backfill internal microstructure, and the evaporation and drying rate of slurry [11, 15, 21, 22] . Temperature has two opposite effects on the waste cementing backfill. On the one hand, the rise of temperature can facilitate cement hydration, which benefits the strength development of backfill. On the other hand, temperature rise is accompanied by water evaporation rate increase, which reduces the water participating in the hydration reaction and prevents the completion of hydration. erefore, temperature variations greatly influence the earlier strength of backfill with a minor influence on its later strength. Such a phenomenon is supported by experimental conclusions above. As for waste cementing backfill in a cold area, temperature influences mainly slows down the hydration rate instead of water evaporation. In addition, the influencing mechanism of temperature on cementing backfill strength can be described from several aspects below.
4.1. Pore Distribution eory. As shown in Figure 9 , backfill has a porous microstructure structure. Equation (1) is the relationship between backfill strength and porosity. In line with this, backfill strength exhibits a tendency of exponential decay as its internal increases. erefore, the strength characteristics of backfill largely depend on its internal porosity [28] [29] [30] . Figure 9 shows that, with the increase in temperature, mass concentration, and curing period, the backfill microstructure pores gradually shrink as their density increases. As a result, the corresponding macrostrength also rises. Based on relevant researches, Goto pointed out that [31] the hydration reaction rate is accelerated in a cementing system as porosity keeps decreasing because of rising temperature. is finding conforms to the SEM observation results in this study. us, the rise of temperature that changes the porosity of waste cementing backfill is one of the factors influencing its strength development: Figure 9 : SEM picture of backfill varies relative to temperature and mass concentration (cement dosage at 10%): (a) mass concentration at 74%, 7 days, and 5°C; (b) mass concentration at 75%, 7 days, and 5°C; (c) mass concentration at 75%, 7 days, and 16°C; (d) mass concentration at 75%, 28 days, and 16°C. 6 Advances in Civil Engineering
where S is the strength of the backfill in an ideal condition, S 0 is the strength in the case of zero porosity, b is the constant related to the gelling agent and the curing period, and p is the internal porosity of the backfill.
Internal Dehiscence eory.
Once the stope is filled with slurry, a giant backfill can be formed (size of the stope in Jinying Gold Mine is 30 m × 25 m × 20 m), and the cement inside the backfill continuously hydrates to accumulate heat. On this basis, temperature gradually climbs. However, in a cold area, temperature out of the stope can be extremely low that a significant temperature gradient transpires between the internal and external environments of the backfill. us, plastic continuously shrinks in the backfill. When its shrinkage is limited, tensile stress can be generated inside this backfill. Furthermore, if the stress goes beyond its tensile strength, cracks are formed inside it leading to backfill cracking; strength also decreases correspondingly [32, 33] . e analysis above clearly shows that the influence of temperature on waste cementing backfill is a complex physiochemical process and that the impact of temperature on the strength of waste cementing backfill in the Jinying Gold Mine is principally reflected in low-environment temperature for mining that affects cement hydration and creates few hydration products.
Backfill Mix Ratio Optimization and Industrial Application
Final Determination of Backfill Mix Ratio and Process
Improvement. e typical stope size in the Jinying Gold Mine is 30 m (height) × 25 m (width) × 20 m (strike). For the cut and fill step, 10 m of high-density crown backfill is completed, and then 10 m of medium-strength backfill and 10 m of low-strength backfill are applied. For the second cut and fill step, 10 m of high-strength backfill is used for the crown, and the rest is filled with full waste. According to the test result, the designed backfill strength for high strength is 1.2-1.5 MPa, with a cement dosage of 14%; medium strength is designed as 0.8∼1.0 MPa with a cement dosage of 9%; low strength is designed as 0.5 MPa with a cement dosage of 6%. For the above backfill designs, the mass concentration is the same, at 75%. Figure 10 shows the backfill strength design.
During filling, the impact of temperature on backfill strength can be reduced by the measures below. First, filling materials (tailings, waste rocks, and cement) are placed indoor to preserve heat so as to guarantee that its temperature conforms to room temperature at the time of filling. Second, the underground water temperatures in winter or summer in the mine are both lower than 5°C; consequently, backfill strength is certainly reduced. Considering this, hot water (no less than 30°C) should be used for stirring during slurry preparation to guarantee effective cement hydration [20] . Finally, the underground ventilation system should be optimized to improve stope temperature and to benefit backfill strength development.
Site Industrial Experiment and Application Effect.
Site demonstration shows that the combination of − 5 mm waste and tailings derives the maximum backfill strength. With a cement dosage of 14% and curing period of 28 days, Advances in Civil Engineering 1.74 MPa strength is achieved; a strength increase of 129.0% is attained compared with the previous application of iron mine tailings with the same cement slurry. e cost of the backfill material saves 1.8-2.0 yuan/m 3 . With optimized batching combinations, the backfill strength in the stope shows an obvious increase, indicating that it is an effective control measure for backfill failure during secondary drift stripping. Figure 11 shows the core drilling from the backfilled stope, depicting a significant improvement on backfill competency after optimization. us, controlling the adverse impact of temperature on the backfill can improve the later effectively, thereby enhancing mining efficiency.
Conclusion
Owing to backfill strength challenge of reducing at the Jinying Gold Mine, this paper investigated the impact of different parameters on the backfill strength buildup: temperature, cement dosage, and slurry mass concentration. Ideal results were achieved after experiment results were applied on the mine site. e achievements of this paper can be divided in the following aspects:
(i) e UCS of waste cementing backfill decreases as the curing temperature decreases, and the UCS at early stage of 7 days curing is distinctly influenced by temperature. When cement dosage increases, the critical point of temperature influence shifts to lowtemperature zones. When the curing temperature is lower than 10°C, the UCS at the early stage of 7 curing days is severely influenced by cement dosage. e backfill strength can be improved by increasing cement dosage to offset the adverse influence of temperature.
(ii) e slurry mass concentration is one of the key factors influencing backfill strength in cold areas. As the concentration increases, the UCS rises accordingly, and the growing rate becomes more evident when the concentration exceeds the critical concentration. e Jinying Gold Mine has a backfill slurry critical concentration of 73% and a cement dosage threshold of 10-12%. (iii) e microstructure of the backfill significantly impacts the macromechanical performance of the backfill. e microstructure of the backfill was observed with SEM, through which we found that as the curing temperature, mass concentration, cement dosage, and curing period increases, the C-S-H content builds up and the spatial met structure of the backfill becomes more dense and solid. When curing temperature is lower than 10°C, a large number of voids and penetrability cracks exist in the backfill. (iv) e impact of temperature on backfill strength development is mainly demonstrated in the hydration speed, backfill internal structural properties, slurry evaporation, and drying speed. Limited hydration products lead to loose internal structure, increased porosity, and reduced strength. e temperature gradient between the inside and outside of the backfill results in the internal tension leading to cracks, which decreases backfill performance.
(v) By means of thermal insulation, heated water application, underground ventilation, and other measures for optimizing the backfill parameters and technology, the backfill strength of the Jinying Gold Mine was increased by 129.9% and the cost was reduced by 1.8-2 yuan/BCM compared to its previous practice, and the collapsing backfill during the second step of stoping was more effectively controlled.
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